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The present work investigates the influence of the laser power (P) and scan-
ning speed (v) on the surface morphology and Vickers microhardness of single
scan tracks formed by directed energy deposition (DED) to determine suit-
able parameter values for further in-depth investigation of additive and sub-
tractive hybrid manufacturing (ASHM) of fabricated parts. The experimental
results show that the depth and width of the melt pool depended significantly
on both P and v. Furthermore, the anisotropic mechanical behavior of bulk
316L specimens fabricated by ASHM in the horizontal (H), edge (E), and
vertical (V) directions relating to the build layers was also explored. The re-
sults show that the tensile strength of the specimens fabricated by ASHM in
the H direction was higher than that of those built in the E or V direction,
implying that the anisotropy originates from the unique thermal history of
each component location owing to the layer-by-layer nature of the DED pro-
cess.
List of Symbols

Abbreviations
DED Directed energy deposition
ASHM Addit ive and subtractive hybrid

manufacturing
AM Additive manufacturing
SM Subtractive manufacturing
FDM Fused deposition modelling
SLM Selective laser melting
316LSS 316L stainless steel
LSCM Laser scanning confocal microscopy
SEM Field-emission scanning electron

microscopy
WEDM Wire electrical discharge machining
UTS Ultimate tensile strength
YS Yield strength
ETF Elongation to fracture

Notation
H Horizontal
E Edge
V Vertical
Qv Powder feed rate
P Laser power
v Scanning speed
h Layer thickness
t Hatch spacing

D Laser beam spot size
fz Feed per tooth
VZ Milling linear speed
ap Amount of axis feed
ae Amount of radial feed
Ma Marangoni convection
DT Temperature gradient
rm Radius of the melt pool
a Thermal diffusivity of the melt pool
T0 Room temperature
AR Absorption rate
k Heat transfer coefficient
d Penetration depth
T Operating temperature
Tm Melting point
x Surface tension
l Dynamic viscosity of the melt pool
m Atomic mass
kb Boltzmann’s constant

INTRODUCTION

Directed energy deposition (DED) is a method for
additive manufacturing (AM) of metal components,
wherein a continuously directed laser beam delivers
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material powder through coaxial nozzles to the melt
pool.1 This technique can be driven by three-dimen-
sional computer-aided design software and relies on
layer-by-layer melting to directly manufacture
near-full-density final components without using a
mold. This process is attracting increasing interest
because it enables fabrication of complex-shaped or
functionally graded components at low cost in short
times for wide used in the automobile, aerospace,
and medical fields.2,3 However, the dimensional
accuracy and surface quality cannot meet current
industrial demands due to the stair effect, which is
intensified by the layer-by-layer accumulation mode
and high thermal gradients due to the full melting
and solidification that occur in a very short time
during the DED process.4 Since conventional sub-
tractive manufacturing (SM) (such as milling,
grinding, and turning) offers high surface quality
and dimensional accuracy, it can compensate for the
deficiencies of DED.5,6 However, it is difficult or
even impossible to fabricate relatively complex
components using SM in isolation. Therefore, addi-
tive and subtractive hybrid manufacturing (ASHM)
was introduced to inherit the advantages of both
AM and SM by using them alternately in one setup.
According to relevant literature, in comparison with
the single AM process, this technique can signifi-
cantly improve the surface quality and reduce the
production time while minimizing material waste,
enabling new applications and opportunities. It thus
has significant practical value for application in
industrial production.7,8

Many researchers have begun to pay close atten-
tion to academic investigation of this technology,
and some relevant papers have been published.9–11

Lee et al.9 used a hybrid rapid prototyping system
that combined rapid prototyping by fused deposition
modeling (FDM) with a five-axis machining tool to
fabricate parts with certain complex characteristics.
The system could rotate on a five-axis machine to
convert between FDM and CNC machining, thus
increasing the stiffness and obtaining more precise
dimensions or a better surface finish. Praniewicz
et al.10 employed hybrid manufacturing to repair
metal parts, offering an improvement over the
adaptive geometry transformation method for the
repair region by increasing the material utilization
to 42.2% and reducing the machining time by 17.8%.
Zhang et al.11 investigated the influence of the
milling thickness on the accuracy of ASHM wire
deposition. The results showed that the surface
roughness and machining allowance were reduced
compared with pure additive manufacturing, due to
the change in the melt flow. It is generally known
that components fabricated by the DED process
have some defects and stress risers, including,
among others, unmelted or partially melted powder,
hot cracks, voids, and hot stress, because each
location suffers from rapid melting and solidifica-
tion with a unique thermal history.12,13

To achieve ASHM components with better surface
finish, the additive DED manufacturing method
must be tailored. Previous studies have focused
primarily on the DED process parameters, with the
goals of improving understanding of what occurs
during the DED process and reducing the afore-
mentioned defects.14,15 DED process parameters
such as the laser power (P), laser scanning speed
(v), layer thickness (d), powder feed rate (Qv), hatch
spacing (t), build direction, and scanning strategy
affect the microstructure and corresponding
mechanical characteristics of the final metal sam-
ple.16–18 Liverani et al.16 studied the influence of P,
t, and the build direction on the microstructure and
mechanical behavior in the selective laser melting
(SLM) process. The results showed that density
above 98% could be obtained for further study of
microstructural and mechanical behaviors. AlMan-
gour et al.17 described the effect of the feedstock
powder preparation method (either direct mixing or
ball milling) on the density and mechanical proper-
ties of SLM TiB2/316L SS composites. The results
showed that the use of a laser can make the ball-
milled powder more homogeneous; moreover, the
hardness and wear resistance decreased as the hot
isostatic pressing (HIP) holding time was increased.
Xiong et al.18 employed an SLM technique to
manufacture supersaturated silver alloy and stud-
ied its morphology, density, and mechanical char-
acteristics. The highest relative density obtained
was 96.7%, and the highest hardness was 148.9 HV.
In reviews and summaries of existing literature, it
is noted that process parameters have a marked
impact on the microstructure and mechanical char-
acteristics of AM components, due to changes in the
melting and solidification processes. The anisotropy
of AM-fabricated samples is their main drawback
compared with traditional wrought products. More-
over, to obtain fine surface quality, appropriate
milling parameters should also be considered.19,20

Zhu et al.19 studied the milling stability of thin-
walled components using an enhanced multifre-
quency solution. A relative transfer function was
introduced to take into account the dynamic char-
acteristics of the milling tool and workpiece. An
enormous amount of research effort has been
focused on AM or SM manufacturing processes in
terms of the microstructural properties of various
materials, such as austenitic stainless steels includ-
ing 316L stainless steel (hereinafter 316L SS) and
304 stainless steel. However, systematic, compre-
hensive investigations of HPDM-manufactured
parts obtained using different process parameter
values to achieve industry-acceptable quality have
rarely been reported.

In the work presented herein, 316L SS powder
was employed as starting material to fabricate
metal components. This 316L SS material is low
carbon and easily welded, and has high corrosion
resistance due to its Mo, Cr, and Ni contents, being
widely applied in aerospace, chemical processing,
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and other fields.16,17,21 First, we investigated the
effect of P and v on the surface topography and
Vickers microhardness, respectively, of single-track
samples produced using the directed energy depo-
sition (DED) AM technique. The aim of this study is
to determine suitable parameter values for further
in-depth investigation of their effect on the
microstructure and mechanical properties of
ASHM-fabricated parts and thereby lay a solid
foundation for the technique. Furthermore, the
influence of different build directions, viz. horizon-
tal (H), edge (E), and vertical (V), on the mechanical,
e.g., tensile, properties of 316L SS parts relating to
the build layers was detailed and is systematically
discussed. The results of this study may provide a
theoretical foundation for ASHM to increase its
efficiency, reduce its cost and lead time, and enable
reliable fabrication of 316L SS components with
optimized mechanical properties.

EXPERIMENTAL PROCEDURES

Powder Material and Experiment

In this work, gas-atomized 316L powder with
composition Fe-0.02C-0.5Si-1.2Mn-17Cr-13Ni-
2.5Mn (all in mass%) with spherical shape and size
range of 10 lm to 120 lm was used as starting
material. To prevent oxidization and the entry of
humidity, the powder was stored vacuum-packed.
The additive and subtractive hybrid manufacturing
(ASHM) process of metal parts, which combines
additive DED and subtractive milling together in a
single entity, is illustrated in Fig. 1a–c. Additive
DED uses a layer-by-layer process to deposit molten
powder material using a laser beam, being one of
most economical and effective methods for deposit-
ing molten metallic material. During the ASHM
process, the H document of the part’s three-dimen-
sional model in the UG design platform is passed to
the ASHM software system (SVW80C-3D, Dalian

Hybrid-wise Additive Manufacturing Technology
Co., Ltd, China.). Then, the work route and CNC
command codes are autogenerated by the software.
Next, the additive DED process and five-axis CNC
milling are integrated to form a hybrid additive and
subtractive machine. Figure 1d and e shows exam-
ples of the additive deposition and CNC milling
process, respectively.

In this study, alternating additive/subtractive
machine operation was applied for the bulk volume;
after the deposition of every four layers, a subtrac-
tive milling process was carried out to obtain the set
height. During the DED process, an alternating x/y-
raster scanning method was used; in other words,
the scanning direction of each layer was rotated by
90� from the previous layer, with every four layers
making up one deposition period, as shown in
Fig. 2a. The other controllable parameters are P
and v. The ASHM process parameters are presented
in detail in Table I. A 40 steel with dimensions of
160 mm 9 160 mm 9 20 mm was used as the sub-
strate; before laser scanning, the surface of the
substrate was milled successively to eliminate the
very thin oxide layer. To determine the optimal
additive DED parameter values, single tracks with
length of 40 mm were fabricated by DED in the
ASHM process for characterization and to investi-
gate the influence of P and v on the surface
topography, melt pool dimensions, and Vickers
hardness development. Single-track specimens
were thus produced at constant P = 1000 W with
various v values from 280 mm/min to 600 mm/min,
and at constant v = 360 mm/min but with different
P values ranging from 800 W to 1200 W. Finally,
the effects of the build direction on the tensile
behavior and attendant fracture morphology were
studied. Samples were also manufactured by ASHM
using three different orthogonal build directions,
viz. horizontal (H), edge (E), and vertical (V); a
schematic showing the dimensions for mechanical

Fig. 1. ASHM experiment equipment: (a) ASHM experiment; (b) additive laser head; (c) subtractive milling head, (d) example of additive
deposition process; (e) example of CNC milling.
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testing according to ISO 6892-117 is presented in
Fig. 2b and c.

Characterization

The morphology of single-line scanning track
specimens was first characterized by laser scanning
confocal microscopy (LSCM). A cross-section of the
single-track specimen was prepared for microstruc-
ture analysis using standard metallographic meth-
ods (grinding and polishing). A solution of 8 g
CuSO4 and 40 ml HCl in 40 ml distilled water was
used as the etchant for the polished specimens. The
microstructure of the single-line scanning track
samples after etching was observed by LSCM.

The Vickers microhardness of single-track speci-
mens in the melt pool during the ASHM DED
process was measured using a 430SVD Vickers
microhardness testing machine (Wilson Hardness,
USA) on the polished surface with a load of 1000 gF
and loading duration of 10 s. To investigate the
scanning speed over the width and depth of a single-
track sample, the Vickers hardness was obtained at

different positions along the vertical and horizontal
directions.

Tensile testing samples were sectioned from the
ASHM-fabricated 316L SS cubic part by wire elec-
trical discharge machining (WEDM) in the H, E,
and V build directions. The room-temperature ten-
sile characteristics, viz. ultimate tensile strength
(UTS), yield strength (YS), and elongation to frac-
ture (ETF), were measured using a WDW-100E
electronic universal material testing machine at a
strain rate of 0.001 s�1. According to ISO 6892-1,
the strain rate should not exceed 0.0025 s�1 within
the plastic range and up to the specified strength
(specified plastic extension strength, specified total
extension strength, and specified residual extension
strength). Further details on this testing method
also can be found in Refs. 17, 22, and 23. At least
three test samples were tested for each build
direction. Finally, the morphology of the tensile
fracture surfaces was investigated by super depth
field-emission scanning electron microscopy (SEM).

Fig. 2. ASHM-fabricated 316L SS cubic component: (a) schematic diagram of DED process scanning strategies in the ASHM process; (b)
different types of tensile samples in three directions: H, E, and V; (c) schematic showing the dimensions for mechanical testing.

Table I. Material properties and ASHM process parameter conditions

Unit Values

Laser power, P W 600, 800, 1000, 1200,
Scanning speed, v mm/min 240, 360, 440, 520, 600
Laser beam spot size, D mm 3
Powder feed rate, Qv g/min 1
Layer thickness, h mm 0.5
Focal length mm 13.5
Hatching distance, t mm 1
Feed per tooth, fz mm 0.25
Milling linear speed, VZ m/min 120
Amount of axis feed, ap mm 0.5
Amount of radial feed, ae mm 0.2

Yang, Gong, Qu, Yin, Liang, and Li762



RESULTS AND DISCUSSION

Analysis of a Single Melting Track

The ability to manufacture uniform, high-quality
single tracks is one of the important factors affect-
ing the achievement of high quality and geometric
accuracy.24 Single tracks with length of 40 mm were
manufactured by DED as part of ASHM. After
construction, the single tracks were cut perpendic-
ular to the laser scanning direction to study and
analyze the specimen morphology in the vertical (V)
and horizontal (H) directions. Figure 3 shows the
surface topography on single scan tracks obtained
using the five different v values of 280 mm/min,
360 mm/min, 440 mm/min, 520 mm/min, and
600 mm/min with constant P = 1000 W in the
DED control program that manipulates the laser
scanning pattern. Figures 3 and 4 show that v and P
had different effects on the size and shape of various
DED processing parameters, as well as a marked
impact on the surface stability of a single scanning
path. The flows of the liquid phase in the melt pool
are rather complex, with many elements that could
lead to mass transfer. Among these effects, Mar-
angoni convection is one of the most critical, affect-
ing the continuity and stability of the scan trace.25

When the powder is irradiated by a laser beam,
the material absorbs laser energy and then begins
to melt when the temperature exceeds the melting
point of 316L SS. The temperature gradient in the
melt pool leads to a surface tension gradient and is
related to the Marangoni convection. The intensity
of the Marangoni convection (Ma), a dimensionless
measure of the thermally driven surface tension
forces versus the viscous forces, can be expressed
as26

Ma ¼ @c
@T

r2
mDT
la

; ð1Þ

where @c
@T represents the sensitivity of the surface

tension of the molten metal to temperature (i.e., the
temperature coefficient of the surface tension),
while DT, rm, l, and a represent the temperature
gradient, and the radius, dynamic viscosity, and
thermal diffusivity of the melt pool, respectively. A
higher scanning speed implies a shorter interaction
duration between the laser beam and material,
which will lead to a reduction of the energy absorp-
tion capacity by the material and cause a reduction
in the peak temperature of the melt pool. Therefore,

DT and @c
@T decreased from the edge to center of the

melt pool, thereby moderating the Marangoni flow
and the resulting turbulence in the melt pool. In
contrast, disturbance in the melt pool will lead to
instability between the solid and liquid surface,
resulting in a scan track with an unstable surface
for the lower values of v. In addition, the material
will overheat due to the extraordinarily high tem-
perature resulting at low v, causing evaporation of
the metallic material and thus mass loss.23 Fig-
ure 3a shows that, at relatively low scanning speeds
of v £ 280 mm/min and P = 1000 W, the dwell time
of the laser beam on the powder increases, which
increases the temperature of the melt pool; more-
over, a large amount of powder enters the melt pool
and the excessive energy reduces the surface quality
of the scan track. Instead, the laser energy will be
absorbed by the material at higher scanning speeds.
When the scanning speed exceeds a threshold, it is
difficult for the laser energy to melt the metal
powder completely, thereby resulting in the balling
phenomenon. At the same time, the spidery melt
pool becomes destabilized and will divide into
fragments to obtain a new state of balance. As

Fig. 3. Surface morphology of 316L specimens fabricated by DED using various values of v: (a) 280 mm/min, (b) 360 mm/min, (c) 440 mm/min,
(d) 520 mm/min, and (e) 600 mm/min, with constant P = 1000 W.
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shown in Fig. 3c–e, at scanning speeds v ‡ 440 mm/
min, the scan trace presented a remarkably unsta-
ble surface, including large amounts of unmelted
powder particles, discontinuities, and the balling
effect. These characteristics are due to the short
dwell time of the laser spot (low energy input) and
the low penetration of the laser into the powder
layer, resulting in a relatively small and low-
temperature melt pool. In turn, such features will
lead to insufficient melting of the powder and melt
flow discontinuity, thus reducing the contact area
between the melt pool, metal powder, and substrate.
Figure 3b shows that v = 360 mm/min can be con-
sidered to be the optimum technical parameter
value to form a scan trace with a stable surface,
although some unmelted powder remained, which is
a common feature of the AM process.

The characteristic microstructures of the cross-
section of single scan tracks obtained at different P
values ranging from 600 to 1200 W with constant
v = 360 mm/min are shown in Fig. 4. The melt pools
induced by the interaction between the laser and
the material were visible. The curved contour of the
melt pool occurred as a result of the intersection of
the laser scanning traces and the substrate. Layer-
wise microscopic structural nature of the fabricated
components was commonly observed, along with a
clear semicircular outline of the melt pool, as shown
in Fig. 4, which can be attributed to the Gaussian
profile of the laser beam. Most of the energy was
concentrated at the center of the laser beam,
causing deep melting at the center but shallow

melting at the edge of the melt pool. However, the
shape, liquid diffusion characteristics, and molten
depth and width varied with the P value.

The temperature field of the laser-molten pool
was calculated using Eq. (2)27:

T z; tð Þ ¼ T0 þ
AR � P=V

2pk tþ tþ D2
=16a

� �� �h i1=2

2
664

3
775

� exp� dþ d0ð Þ2

4at

 !
ð2Þ

where T0 is the room temperature, AR is the
absorption rate, k is the heat transfer coefficient,
D, t, and d represent the laser beam size, time, and
penetration depth, respectively, and a is the thermal
diffusivity.

The relationship between the surface tension x
and temperature can be written as Eq. (3)28:

x ¼ 868 � 0:152 T � Tmð Þ½ � � 10�3; T > 873; ð3Þ

where T and Tm are the operating temperature and
melting point, respectively. When T >Tm, the pow-
der melts, and x increases with a decrease in T.

The viscosity l, which is strongly dependent on T,
which was measured using an FLIR A655sc infrared
thermometer, can be calculated by Eq. (4)29:

l ¼ 16

15

ffiffiffiffiffiffiffiffiffi
m

kbT

r
� x ð4Þ

Fig. 4. The cross-sectional morphology of single-scan tracks obtained using various P values of (a) 600 W, (b) 800 W, (c) 1000 W, and (d)
1200 W, with constant v = 360 mm/min.
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where m, kb, and x are the atomic mass, Boltz-
mann constant, and surface tension of the steel
matrix, respectively. Equations (2)–(4) indicate that
the viscosity of the liquid decreases with a relatively
high P.21

As shown in Fig. 4, when P increases, T increases
while the corresponding x and l decrease, indicat-
ing much better melting characteristics. For low
P £ 800 W, the bonding between the as-fabricated
molten trace and substrate is poor, indicating a very
short laser penetration depth into the substrate, as
shown in Figs. 4a and b. As shown in Fig. 4d, when
P reached 1200 W, the depth of the melt pool
increased. This occurs because P is too large, thus
the amount of meltable powder exceeds the amount
of powder actually delivered. The amount of powder
entering the melt pool will no longer increase,
resulting in the downward tendency of the powder
utilization ratio. According to Eqs. (2)–(4), as energy
continues to accumulate in the melt pool, T rises,
thereby resulting in lower x and l, so that the
height decreases while the width and depth of the
melt pool increase. In fact, the thickness of the
single layer will decrease, which will cause the melt
pool to be highly deformed, seriously affecting the
manufacturing accuracy. Consequently, the surface
tension and viscosity characteristics of the melt pool
must be carefully controlled to achieve the desired
structure in the DED process as part of ASHM.

On the basis of Eq. (2), with an increase of the
applied v or a reduction of P, the temperature field
in the laser-molten pool will decrease, which leads
to the decrease in the depth and width of the melt
pool. During the DED process as part of ASHM, the
size of the melt pool is on the order of millimeters, or
up to centimeters in the lateral direction. Moreover,
the penetration depth of the melt pool is much
smaller than the width of the melt pool, as shown in
Fig. 5a. The width and depth decrease with increas-
ing v. For a P value of 1000 W, the width and
penetration depth decreased from 2500 lm and
1600 lm to 1600 lm and 800 lm as the applied v
was increased from 280 mm/min to 600 mm/min,
respectively. This shallow penetration depth indi-
cates that the particles were partially melted in the
DED process, suggesting a risk of increasing the
degree of porosity of the DED-fabricated specimens,
thus decreasing the densification rate.

During the DED process, the Vickers hardness is
related to the content of Mn and Cr. Indeed, the
surface hardness value is proportional to the Mn
and Cr content. At higher temperatures, material
evaporation can cause a loss of volatile elements,
particularly Mn and Cr, during the DED process.
Such decreases in the content of Mn and Cr during
the DED process may thus decrease the hardness of
as-built 316L specimens. The Vickers hardness
gradually decreased from the top to the bottom of
the melt pool (from 316 HV to 275 HV) in the
vertical direction, as shown in Fig. 5b. To further
evidence this, the elemental content of samples

extracted from the edge and center regions of the
melt pool in the horizontal direction were studied by
energy-dispersive spectroscopy (EDS). The results
revealed that the content of Mn and Cr decreased
from 7.73% to 4.87% and from 20.18% to 14.09%,
respectively, thus the Vickers hardness tended to
drop off from the edge to the center of the melt pool
(from 330 HV to 280 HV) in the horizontal direction
(Fig. 5c). This finding suggests that the rate of Mn
and Cr loss from the melt pool increased with
increasing temperature. Moreover, the DED-fabri-
cated specimens exhibited higher hardness com-
pared with the 40# steel substrate (point #20)
produced by casting (Vickers hardness of 213 HV).
Based on the results of this investigation into the
effect of P and v on the surface topography and
Vickers microhardness, respectively, of single-track
samples produced by using DED, suitable parameter
values are 1000 W for P and 360 mm/min for v.
These results provide theoretical and data support
to choose the process parameter values for future
work on ASHM.

Effect of Build Direction on Tensile Behavior

Generally, the mechanical behavior of 316L SS
manufactured in a layer-by-layer fashion shows a
large degree of anisotropy; the build direction
greatly influences the mechanical behavior of the
manufactured specimens. The engineering tensile
stress–strain curves of 316L SS parts manufactured
by HASM with different build directions of horizon-
tal (H), edge (E), and vertical (V) at room temper-
ature are presented in Fig. 6a, revealing the effect
of the build layers. The results for the YS, UTS, and
ETF with error bars are presented and compared
with those of cast materials22 in Fig. 6b. The
samples built in the H direction showed not only
excellent tensile strength (both UTS and 0.2% YS)
of 429.03 MPa and 649.75 MPa, respectively, but
also the maximum ETF, when compared with the
specimens obtained in the E or V build direction.
Moreover, the sample with the V build direction (in
which the loading direction is parallel to the build
direction; see Fig. 2b) showed the lowest YS, UTS,
and ETF values of 381.18 MPa, 596.01 MPa, and
33.13%, respectively. Meanwhile, the part obtained
in the E direction showed intermediate YS, UTS,
and ETF values of 421.32 MPa, 621.08 MPa, and
33.56%, respectively. This finding can mainly be
attributed to the pronounced anisotropy in the
tensile properties. When the 316L SS parts were
extracted from the specimens built in the H direc-
tion, the tensile loading direction was parallel to the
layer-by-layer scanning direction (with at least one
layer parallel to the scanning direction; see Fig. 2b)
and the scanning tracks played a reinforcing role in
the bulk sample. However, the parts built in the V
direction exhibited much lower ETF values than
those built in the H or E direction, firstly because
the tensile loading orientation was perpendicular to
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the laser scanning direction (Fig. 2b), and secondly
because some localized defects such as pores in
sensitive regions, for example, interfaces between
layers, led to weak metallurgical bonding between
layers. In the E direction, the tensile loading
direction was parallel to the building direction

(Fig. 2b), but the sample contained more layers
than those built in the H direction, thereby showing
slightly lower strength. The YS and UTS values of
the HASM-manufactured 316L specimens were
much higher those of the cast specimen,22 while
the ETF was much lower (Fig. 6b). This is due to the

Fig. 5. (a) Effect of v on width and depth of melt pool; effect of build direction on Vickers hardness of melt pool in (b) vertical and (c) horizontal
direction.

Fig. 6. (a) Stress–strain curves of 316L SS specimens manufactured by HASM with different build directions at room temperature; (b)
corresponding mechanical data and comparison with cast materials.
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rapid heating and cooling that occur during the
DED process, which is beneficial to generate a fine
microstructure with high dislocation density, lead-
ing to the improvement in the YS and UTS,
although the inevitable metallurgical defects (e.g.,
pores) in the ASHM-fabricated samples decreased
their ductility.

To further illuminate the tensile failure mecha-
nism, the fracture surfaces of the tensile samples
fabricated by HASM in the H, E, and V directions
were studied (Fig. 7). From the lower-magnification
SEM micrographs, the sample built in the H
direction (Fig. 7a) showed a greater reduction in
area compared with those built in the E (Fig. 7c) or
V directions (Fig. 7e). Building in the V direction
resulted in a lower reduction in area compared with
the H and E directions, with the sample built in the

E-direction falling between the other two, which
indicates that the sample built in the H direction
exhibited the best ductility. The high-magnification
SEM micrographs of the fracture surfaces of the
samples obtained under the same processing
parameters reveal that the specimens manufac-
tured by HASM along the different build directions
(H, E, and V) all exhibited almost evenly distributed
dimples on the fracture surface, indicating a fairly
ductile fracture characteristic (Figs. 7b, d, and f,
respectively). On the fracture surface of the sample
built along the V direction, a large and noticeable
amount of second-phase particles was present. The
previous layer will undergo multiple thermal cycles,
resulting in precipitation of such second-phase
particles during the DED process. They are usually
present near dimples, which are also the initial

Fig. 7. SEM images showing the fracture surfaces of tensile-tested specimens built in different directions: (a) low magnification, H direction; (b)
high magnification, H direction; (c) low magnification, E direction; (d) high magnification, E direction; (e) low magnification, V direction; (f) high
magnification, V direction.
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positions for crack formation. When tensile loading
is applied, microcracks will form due to these larger
second-phase particles. This effect will aggravate
the fracture during tensile testing, leading to seri-
ous degradation in both the tensile strength (UTS
and YS) and ductility. According to the layer-based
nature of the samples, some defects (e.g., small
pores) in sensitive zones such as the interface
between subsequent layers would collapse. As
shown in Fig. 2, a series of thin-walled samples
with dimensions of 30 9 7 9 2 mm3, 30 9 2 9
7 mm3, and 7 9 2 9 30 mm3 were manufactured
using the three different build directions of H, E,
and V, respectively. The layer thickness was
0.5 mm (Table I). According to the size of the tensile
sample, every 4, 14, and 60 layers could be obtain
for the H, E, and V direction, respectively. Com-
pared with the H and E direction, the greater
number of layers and longer time interval between
two successive layers in the sample built in the V
direction may be the reasons for its lower degree of
strength, as these effects will increase the possibil-
ity of inhomogeneous heat transfer and the provi-
sion of insufficient heat to remelt the powder
particles in the previous layer.30,31 The sample built
in the E direction contained some pores, which could
lead to local stress concentrations and crack prop-
agation, thereby reducing the UTS and YS. How-
ever, the sample built in the H direction was found
not to exhibit significant pores, instead showing
relatively elongated and squeezed pores as well as a
homogeneous distribution of dimples on the fracture
surface. Therefore, the tensile strength and ductil-
ity of the sample built in the H direction were the
best in comparison with the samples built in the
other directions.

CONCLUSION

The effects of P and v on the surface topography of
the scanning track of a single-track specimen
manufactured using DED as part of additive and
subtractive hybrid manufacturing (ASHM) were
investigated. The effects of the build direction, viz.
horizontal (H), edge (E), and vertical (V), on the
mechanical characteristics of AISI 316L SS speci-
mens produced using ASHM were investigated. The
results of this study lead to the following main
conclusions and findings:

1. For single-track specimens, as v is increased or
P is decreased, the depth and width of the melt
pool decrease, because the temperature field in
the laser melt pool decreases.

2. The Vickers hardness showed a decreasing
trend from the top to the bottom of the melt
pool (from 316 HV to 275 HV) in the vertical
direction. Moreover, the Vickers hardness
showed a decreasing trend from the edge to
the center of the melt pool (from 330 HV to 280
HV) in the horizontal direction.

3. Compared with the ASHM-fabricated 316L SS
specimens built in the E and V directions, the
tensile characteristics (UTS, YS, and ETF) of
the specimens built in the H direction were
noticeably higher, because the loading direction
was parallel to the layer-by layer direction.
Moreover, the highest mechanical properties
were obtained in the H direction, namely UTS
of 429.03 MPa, YS of 649.75 MPa, and ETF of
47.63%, indicating the best ductility among the
tested samples.

4. Examination of the fracture surface of the
sample built in the H direction did not reveal
significant crater-like voids, but instead rela-
tively elongated and squeezed pores as well as a
homogeneous distribution of dimples. This re-
sult implies an improvement in the tensile
characteristics of the ASHM-fabricated 316L
SS specimens with fewer defects.
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